Abstract. The aim of this study was to investigate whether sivelestat, a neutrophil elastase (NE) inhibitor, mitigates radiation-induced lung injury in mice. C57BL/6J mice were administered a dose of 20 Gy to the bilateral whole lungs. Sivelestat was administered immediately before and 1 h after irradiation in group RE2, and immediately before and 1, 3 and 6 h after irradiation in group RE4. Group R received irradiation without sivelestat injection. Mice that did not receive sivelestat injection or irradiation were used as controls. NE activity was measured 24 and 48 h after irradiation, and the mice were sacrificed 24 h, 48 h and 15 weeks after irradiation for histopathological examination. In groups RE2 and RE4, NE activity was significantly suppressed until 48 h after irradi ation compared to group R. The degree of lung damage in each group was scored during histopathological examination. Results showed that the scores of groups RE2 and RE4 were significantly lower compared to those of group R 15 weeks after irradiation. In conclusion, sivelestat reduced radiation-induced lung injury in the mice by suppressing NE activity and excessive inflammatory reactions.
Introduction
The lung is a radiosensitive organ, and the radiotherapy of cancer in the thoracic region is able to cause radiation-induced lung injury (RILI), sometimes resulting in mortality (1) . Protection of the lungs against irradiation renders radiation therapy safer for patients with risk factors for RILI and may enable the delivery of more or greater radiation doses to tumors, to improve clinical outcomes.
Neutrophil elastase (NE), a serine protease present in the azurophil granules of neutrophils, is released in an inflammatory state and disintegrates extracellular matrices due to its low substrate specificity, resulting in tissue injury (2, 3) . Sivelestat [sodium N-[2-[4-(2,2-dimethethyl-propionyloxy) phenylsulfonylamino] benzoyl] aminoacetate tetrahydrate (ONO-5046 Na); Elaspol ® ; Ono Pharmaceutical, Co., Osaka, Japan] is a synthetic human neutrophil elastase inhibitor. It has a significantly small molecular weight of 528.5 Da and a short half-life of ~2 h in the human body (4) .
We previously reported that irradiation to bilateral whole lungs of mice caused an elevation of the plasma NE activity and that sivelestat decreased this activity (5) , although a single administration of sivelestat failed to maintain the low level of NE activity until 48 h after irradiation. Since sivelestat has a short half-life and irradiation induces an immediate release of cytokines that activate neutrophil migration and the release of NE, it was thought that sivelestat should be adminis tered twice or more as early as possible after irradiation. In our histopathological examination, hematoxylin and eosin (H&E) staining showed some mild histopathological changes, while a large percentage of the lung area seemed to be the same in the irradiated groups with or without sivelestat compared to the non-irradiated group. Thus, it was unclear whether sivelestat contributed to the mitigation of the lung injury. The aim of the present study was to investigate the efficacy of immediate and multiple administrations of sivelestat by measuring NE activity and by evaluating the histopathological changes in the irradiated lungs in the acute and scarred phases.
Materials and methods
Animals. This experiment was conducted with the approval of the Experimental Animal Ethics Committee at Osaka Medical College. Forty-week-old female C57BL/6J mice were used. The animals were kept in an air-conditioned room at 23±2˚C and 55±10% humidity in a 12-h light/dark cycle with food and water ad libitum. Table I ). The mice in group R were administered irradiation only, without sivelestat injection. Group C were the controls, mice that were administered neither sivelestat injection nor irradiation.
Measurement of plasma NE activity. NE activity was measured 24 and 48 h after irradiation. Blood samples were obtained via cardiopuncture from the mice under pentobarbital anesthesia. After obtaining the supernatant by centrifuging blood (1,700 x g, 10 min, 4˚C), which was immediately followed by freezing for preservation at -20˚C, the NE activity level was measured in the blood plasma via absorption spectroscopy, using a specific synthetic substrate, N-methoxysuccinyl-AlaPro-Val (pNA) for NE (6) . Blood plasma was incubated in 0.1 M Tris-HCl buffer solution (pH 8.0) containing 0.5 M NaCl and 1 mM substrate for 24 h at 37˚C. The absorbance of free pNA at 405 nm was measured on a microplate reader.
Histopathological examination of the lungs. The mice were sacrificed at 24 h, 48 h and 15 weeks after irradiation. The lungs were extirpated and fixed in neutral-buffered formalin, and then embedded in paraffin. Paraffin sections were stained with H&E, silver impregnation and the Elastica van Gieson (EvG) method.
The number of cells were counted in five randomly selected non-overlapping fields at a magnification of x400 from each H&E-stained section of the individual lungs of the mice sacrificed at 24 h, 48 h and 15 weeks after irradiation.
To evaluate the degree of lung injury, 10 non-overlapping fields at a magnification of x400 were randomly selected from each section stained with silver impregnation of the individual lungs of the mice sacrificed 15 weeks after irradiation. One observer evaluated the thickening and tearing of basement membrane, thickening of interstitium and the disordered structure of pulmonary alveoli, and the lung injury was graded as mild (1 point), moderate (2 points) or severe (3 points).
Statistical analysis. The Wilcoxon rank sum test was used to analyze differences between the groups, using JMP software, version 8.0.2 (SAS Institute, Cary, NC, USA). Probability values <0.05 were considered to indicate a statistically significant difference.
Results
In this study, 20 mice for each group (R, RE2 and RE4) were used. In each group, 5 mice were sacrificed at 24 h, 5 at 48 h, and 10 at 15 weeks after irradiation to measure NE activity and observe histopathological changes. One mouse in group RE4 at 24 h, 2 mice in group RE2 at 48 h and 2 mice in group RE4 at 48 h were lost for reasons not related to the radiation injury. One mouse in group R was lost probably due to radiation injury at 12 weeks after irradiation.
Plasma NE activity. Lung irradiation induced elevation of NE activity at 24 and 48 h after irradiation. Compared to group R, the NE activities in groups RE2 and RE4 were significantly suppressed at 24 and 48 h after the irradiation. However, there was no significant difference between group RE2 and group RE4 in the suppression of NE activity (Fig. 1) .
Histopathological examination of the lungs. In the irradiated lungs (groups R, RE2 and RE4), there were some small atelectatic foci and thrombi in the vessels. However, a large percentage of the lungs appeared to be the same as that of the control mice at 24 and 48 h. At 15 weeks, thickening of the interstitium, a disordered structure of pulmonary alveoli and thickening and tearing of basement membrane in the irradiated lungs were observed by H&E staining or silver impregnation; these findings were more severe in group R compared to groups RE2 and RE4 (Fig. 2 ). There were no apparent fibrotic or elastofibrotic foci when EvG staining was used at 15 weeks in all the groups. Fig. 3 shows the cell count results. The cell counts in groups R, RE2 and RE4 showed a tendency to decrease with time. Compared to group R, there were significant decreases in the cell counts of group RE2 at 15 weeks and group RE4 at 48 h and 15 weeks.
The lung injury scores are shown in Fig. 4 . In groups RE2 and RE4, the lung injury scores were significantly lower compared to those in group R.
Discussion
Early histopathologic findings after radiation therapy are characterized by damaged endothelial cells and pneumocytes (7, 8) . Endothelial cell injury increases vascular permeability and induces perivascular edema, congestion and an infiltration of inflammatory cells such as neutrophils and macrophages.
Vessel thrombosis and intra-alveolar hemorrhage may also occur. Shedding of type I pneumocytes and depletion of surfactant secretions from type II pneumocytes are observed immediately after irradiation, which induces the loss of pulmonary functions. In the scarred phase, the proliferation of type II pneumocytes is accelerated to repopulate the alveolar epithelium, and alveolar septae are more hypercellular with fibroblasts and macrophages (7) .
The present study has shown that the cell counts in the sivelestat-treated groups (RE2 and RE4) at 15 weeks were lower compared to those in the no-sivelestat group R (Fig. 3) . When sivelestat suppressed acute inflammation in the irradiated lungs by blocking NE, the degree of lung injury and subsequent repair of lung structures by various cells such as type II pneumocytes were more mild compared to the irradiated lungs without sivelestat. Therefore, it is thought that the lower cell counts in groups RE2 and RE4 compared Figure 2 . Semi-quantitative analysis of radiation-induced lung injury. Photomicrographs of histopathological specimens stained (A-D) with hemato xylin and eosin (H&E), and (E-H) using the silver impregnation method. (A and E) Group C at 15 weeks. (B and F, C and G, D and H) Groups R, RE2 and RE4 at 15 weeks graded as severe, moderate and mild lung injury, respectively. In groups RE2 and RE4, selected fields were mostly graded as moderate. More than half of the selected fields in group R were graded as severe. to group R at 15 weeks reflect less damage to the lungs by sivelestat. Previous studies have demonstrated early and persistent alter ations in pro-inflammatory cytokines such as tumor necrosis factor-α (TNF-α), interleukin (IL)-1 and IL-6 mRNA levels by irradiation to the lungs (9-11). TNF-α and IL-1 enhance the expression of IL-8, which is a strong chemoattractant and activator of neutrophils (12) . These cytokines promote the release and activation of proteolytic enzymes such as NE and matrix metalloproteases. These proteolytic enzymes disintegrate extracellular matrix components such as collagens, proteoglycans and fibronectins, thereby causing lung tissue injury (13, 14) . This induces a further release of cytokines and a subsequent vicious inflammatory spiral. Transforming growth factor-β (TGF-β) gene expression is also increased by irradi ation in acute and fibrotic phases (15) . As a key cytokine in the remodeling and fibrotic process, TGF-β stimulates the secretion of extracellular matrix components (16, 17) .
The acute and fibrotic changes of the lung comprise a complex process involving proinflammatory and profibrotic cytokines as well as proteolytic enzymes produced by various damaged and activated cells. However, these genetic, molecular, and histopathological changes are not specific for RILI, which have also been observed after drug infusions (18) .
Experiments have shown the efficacy of sivelestat in animal models of lung injuries caused by endotoxin (6), bleomycin (19) and hydrochloric acid (20) . In bleomycin-induced pulmonary fibrosis of mice, sivelestat has been shown to suppress the infiltration of fibroblasts and inflammatory cells (e.g., neutrophils and macrophages) as well as the expression of cytokines (e.g., IL-1 and PDGF) in bronchoalveolar lavage fluid, and it mitigated histopathological changes such as thickened alveolar wall with inflammatory cells and fibrotic changes (21) . In addition, other experimental models of lung injury have shown the suppression of plasma NE activity and other cytokines such as TNF-α, IL-6 and TGF-β by sivelestat (6, 19, 20, 22, 23) .
Since inflammation and subsequent tissue injury are very complex interactions involving various proteins and cells, NE constitutes only a part of inflammatory processes. The important role of sivelestat, a specific inhibitor of NE, is in the control of excessive inflammation and prevention of the vicious inflammatory spiral. Since acute reactions to irradiation were observed immediately and sivelestat has a short half-life, it was determined that sivelestat should be administered immediately before the initiation of the inflammatory cascade, and repeatedly or continuously. In the present study, multiple administrations of sivelestat successfully suppressed NE activity until 48 h after irradiation, and it is thought that this resulted in mitigation of the lung injury at 15 weeks. However, more precise mechanisms of sivelestat-induced suppression of inflammatory reactions and tissue damage are necessary.
In Japan, sivelestat is widely used in clinics to improve the acute lung injury that accompanies systemic inflammatory response syndrome, and its safety has been confirmed in clinical studies (24, 25) . For future clinical practice, sivelestat is a promising agent which improves the therapeutic ratio by decreasing the risk of RILI or escalation of the delivered dose when patients need curative irradiation for thoracic lesions.
In conclusion, in irradiated mouse lung, multiple administrations of sivelestat continuously suppressed NE activity and mitigated lung injury at the scarred phase.
